The high sensitivity of mammalian hearing is achieved by amplification of the motion of the cochlear partition. This cochlear amplification is thought to be generated by the elongation and contraction of outer hair cells (OHCs) in response to acoustical stimulation. This motility is made possible by a membrane protein embedded in the lateral membrane of OHCs. Although a fructose transporter, GLUT-5, was initially proposed to be this protein, a later study identified the gene of the motor protein distributed throughout the OHC plasma membrane. This protein has been named Bprestin.^However, although previous morphological studies by electron microscopy and atomic force microscopy (AFM) found the lateral wall of OHCs to be covered with 10-nm particles, believed to be motor proteins, it is unknown whether such particles consist only of prestin or are a complex of GLUT-5 and prestin molecules. To determine if the 10-nm particles are indeed constituted only of prestin, plasma membranes of prestin-transfected and untransfected Chinese hamster ovary (CHO) cells, which do not express GLUT-5, were observed by AFM. First, the cells attached to a substrate were sonicated so that only the plasma membrane remained on the substrate. The cytoplasmic face of the cell was observed by the tapping mode of the AFM in liquid. As a result, particle-like structures were recognized on the plasma membranes of both the prestintransfected and untransfected CHO cells. Comparison of the difference in the frequency distribution of these structures between those two cells showed approximately 75% of the particle-like structures with a diameter of 8-12 nm in the prestin-transfected CHO cells to be possibly constituted only by prestin molecules. Our data suggest that the densely packed 10-nm particles observed on the OHC lateral wall are likely to be constituted only of prestin molecules.
INTRODUCTION
Outer hair cells (OHCs), which are sensory cells in the mammalian cochlea, are able to elongate and contract in length in response to changes in membrane potential (Brownell et al. 1985; Kachar et al. 1986; Ashmore 1987; Santos-Sacchi and Dilger 1988) . This motility is believed to amplify the motion of the cochlear partition generated by acoustical stimula-tion. As a result, hearing in mammals is characterized by high sensitivity, wide dynamic range, and sharp frequency selectivity. The origin of this motility is associated with a membrane protein in the lateral wall of OHCs (Dallos et al. 1991) . The gene that codes this protein was identified from the gerbil cochlea and termed prestin (Zheng et al. 2000) . Since its identification, prestin has been researched intensively and has been found to be a direct voltageto-force converter, which uses cytoplasmic anions as extrinsic voltage sensors and can operate at microsecond rates (Dallos and Fakler 2002) . The threshold of the auditory brainstem response in prestin knockout mice was revealed to be higher than that of normal mice (Liberman et al. 2002; Cheatham et al. 2004) , which indicates that prestin plays an important role in the high sensitivity of hearing.
The lateral wall of the OHC has been observed by electron microscopy (EM). The existence of many particles, 10 nm in diameter, in the plasma membrane has been shown using the freeze-fracture technique (Arima et al. 1991; Forge 1991; Kalinec et al. 1992; Souter et al. 1995) . These densely packed 10-nm particles in the lateral membrane of OHCs are thought to be motor protein. Recently, microstructures of the lateral wall of the OHC have been examined by atomic force microscopy (AFM; Le Grimellec et al. 2002; Wada et al. 2003 Wada et al. , 2004 . From these AFM observations, the plasma membrane has been confirmed to contain many particles with a diameter of about 10 nm. These particles are likely to be motor protein. In an early study, this motor protein was proposed to be GLUT-5 (Géléoc et al. 1999) . Although GLUT-5 has been ruled out as being this motor protein (Belyantseva et al. 2000; Oliver et al. 2001; Liberman et al. 2002) , it is unclear whether prestin and GLUT-5 form a complex in the plasma membrane. Therefore, it still remains unknown whether the 10-nm particles seen in EM/AFM images are only prestin or rather a complex of GLUT-5 and prestin molecules.
To determine whether the 10-nm particles are indeed exclusively constituted of prestin molecules, we examined the plasma membranes of prestin-transfected and untransfected Chinese hamster ovary (CHO) cells, which do not express GLUT-5 (Inukai et al. 1995) , using AFM. First, CHO cells on a substrate were shared open by exposure to ultrasonic waves so that only the flat inside-out plasma membranes remained on the substrate. The cytoplasmic faces of the isolated membranes were then observed by AFM in liquid. Analysis of the shape and size of the observed structures was performed in five AFM images of the prestin-transfected CHO cells and five such images of the untransfected CHO cells. Finally, the difference in the frequency distribution of these structures between the prestin-transfected and untransfected CHO cells was compared.
MATERIALS AND METHODS

Cells and cell culture
Prestin-transfected CHO cells, FLAG-tagged prestintransfected CHO cells, and untransfected CHO cells were used. The prestin-transfected CHO cells and FLAG-tagged prestin-transfected CHO cells were constructed by transfection of gerbil prestin cDNA and such FLAG-tagged prestin cDNA into CHO cells using pIRES-hrGFP-1a mammalian expression vectors (Stratagene, La Jolla, CA, USA), respectively. Those expression vectors contain humanized Renilla reniformis green fluorescent protein (hrGFP) gene, which is connected to the prestin gene. CHO cell lines, which stably express prestin, were established using transfected cells by limiting dilution cloning. The expression and activity of prestin in the generated CHO cell lines were confirmed by immunofluorescence and whole-cell patch-clamp measurements (Iida et al. 2003 (Iida et al. , 2005 . CHO cells, which were not subjected to any transfection procedure, were used as the untransfected CHO cells.
The prestin-transfected CHO cells, the FLAGtagged prestin-transfected CHO cells, and the untransfected CHO cells were cultured in RPMI-1640 medium with 10% fetal bovine serum, 100 U penicillin/ml, and 100 mg streptomycin/ml at 37-C with 5% CO 2 . At the beginning of every experimental procedure, the GFP fluorescence of the prestintransfected CHO cells and FLAG-tagged prestintransfected CHO cells were observed by using a confocal laser scanning microscope (FV500, Olympus, Tokyo, Japan) equipped with a UPlan Apo 20Â (NA = 0.70) objective and an Ar laser (488 nm) to confirm the expression of prestin.
Isolation of plasma membranes
The culture medium was removed, and the cells were detached from a flask by incubation with 100 mM ethylenediaminetetraacetic acid (EDTA)-phosphate buffered saline (PBS) solution. The EDTA-PBS solution containing the cells was put into a tube and centrifuged at 250 Â g for 5 min. The supernatant was then removed, and an external solution (145 mM NaCl, 5.8 mM KCl, 1.3 mM CaCl 2 , 0.9 mM MgCl 2 , 10 mM HEPES, 0.7 mM Na 2 HPO 4 , and 5.6 mM glucose; pH 7.3) was put into the tube. The external solution containing the cells was agitated by pipetting in that tube and deposited on glass-bottomed dishes (Asahi Techno Glass, Chiba, Japan) or plastic dishes (Nunc, Roskilde, Denmark) in accordance with the intended purpose. After about 10 min, most of the cells had become reattached to the substrate. These cells were sheared open by exposure to ultrasonic waves for a few 100 ms in a hypotonic buffer (10 mM PIPES, 10 mM MgCl 2 , 0.5 mM ethyleneglycotetraacetic acid; pH 7.2) using a sonicator (XL-2000, Misonix, Farmingdale, NY, USA), i.e., sonication. After the sonication, we confirmed that the cell could not be observed by light microscopy but could be observed by staining with a fluorescence lipophilic membrane probe, CM-DiI (Molecular Probes, Eugene, OR, USA), indicating that the cells were indeed sheared open, thus becoming isolated membranes. Furthermore, isolated membranes whose locations remained unchanged after sonication were chosen as samples to ensure that the cytoplasmic faces of the isolated membranes were up. The isolated membranes attached to the substrate were then incubated with a high salt buffer (2 M NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 1 mM Na 2 HPO 4 ; pH 7.2) for 30 min at room temperature to remove the cytoskeletal materials and the peripheral proteins (Ziegler et al. 1998) . After PBS washing, the isolated membranes were incubated with 0.05% trypsin for 5 min at room temperature to remove the remaining materials.
Sample preparation for prestin labeling, lipid labeling, and low-magnification AFM imaging
In these experiments, the isolated membranes of the FLAG-tagged prestin-transfected CHO cells and those of the untransfected CHO cells as described above were used. To prevent autofluorescence of a substrate, glass-bottomed dishes were used. The isolated membranes were fixed with 4% paraformaldehyde in phosphate buffer for 30 min at room temperature. After fixation, the membranes were rinsed three times with PBS and incubated with Block Ace (Dainippon Pharmaceutical, Osaka, Japan) for 30 min at 37-C. After PBS washing, the membranes were incubated with mouse anti-FLAG primary antibody (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 h at 37-C. The membranes were then washed with PBS and incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG secondary antibody (Sigma-Aldrich) in PBS and 2 mM CM-DiI (Molecular Probes), which labels the lipid of the membranes, for 30 min at 37-C. Finally, the membranes were washed with PBS and immersed in 0.1 M phosphate buffer solution.
Sample preparation for high-magnification AFM images
High-magnification AFM images were obtained from the isolated membranes of the prestin-transfected CHO cells and those of the untransfected CHO cells.
Plastic dishes were used as the substrate. In this case, the isolated membranes were fixed with 1% glutaraldehyde in PBS for 20 min at room temperature. The membranes were then incubated with PBS containing 2 mM CM-DiI for 5 min at 37-C and then for 15 min at 4-C. Finally, the membranes were washed with PBS and immersed in filtered 0.1 M phosphate buffer solution.
Fluorescence microscopy
Fluorescence images were obtained from the isolated membranes of the FLAG-tagged prestin-transfected CHO cells and those of the untransfected CHO cells by an inverted fluorescence microscope equipped with a Plan Apo 100Â (NA = 1.40) oil-immersion objective and a cooled charge-coupled device camera (DP70, Olympus), which comprise a part of the AFM used in this study. This system enables us to record fluorescence and AFM images of the same sample simultaneously. A mercury lamp was used as a light source. FITC fluorescence was detected with a narrowband filter cube (U-MNIBA, Olympus), which consists of a 470-to 490-nm excitation filter, a 505-nm dichroic mirror, and a 515-to 550-nm emission filter. CM-DiI fluorescence was detected with a wideband filter cube (U-MWIG, Olympus) composed of a 520-to 550-nm excitation filter, a 565-nm dichroic mirror, and a 580-nm emission filter.
Atomic force microscopy
A commercial AFM (NVB100, Olympus), in which the AFM unit is mounted on an inverted fluorescence microscope (IX70, Olympus), was used. As the AFM unit is mounted on an inverted optical microscope, positioning of the tip above the cells is easy. A V-shaped silicon nitride cantilever (OMCL-TR400PSA-2, Olympus) with a spring constant of 0.02 N/m was used. The cantilever has a pyramidal tip, the typical radius of its curvature being 16 T 1 nm (personal communication with Olympus). To minimize sample damage during scanning, AFM images were obtained using the oscillation imaging mode (Tapping modei, Digital Instruments, Santa Barbara, CA, USA). The cantilever was oscillated near its resonance frequency in liquid (3.6-4.7 kHz). Low-magnification images were obtained from the isolated membranes of the FLAGtagged prestin-transfected CHO cells and those of the untransfected CHO cells at a scan rate of 0.1 Hz; that is, the scan speeds were 1.0 and 2.0 mm/s when the scan sizes were 5.0 Â 10.0 and 10.0 Â 10.0 mm, respectively. High-magnification images (scan size is 1.0 Â 0.5 mm) were obtained from the isolated membranes of the prestin-transfected CHO cells and those of the untransfected CHO cells. The FLAG -tagged prestin-trans-fected CHO cells were not, however, used to take such images because 3 Â FLAG peptide (approximately 3 kDa) tagged at the C terminus of prestin is expected to affect the size of prestin when imaging is performed at such high magnification. The scan rate, in this case, was 0.3-0.4 Hz (scan speed is 0.6-0.8 mm/s). In all AFM images, the samples were scanned from left to right. Each scan line has 512 points of data, and an image consists of 256 and 512 scan lines in nonsquare and square images, respectively.
Analysis of AFM images
The original AFM images were flattened by use of a software program (Digital Instruments) to eliminate background slopes and to correct dispersions of individual scanning lines. In this study, differential images were computed from the original flattened AFM images for further analysis of the imaged structures by using Adobe Photoshop 6.0. First, the colored original flattened AFM images were converted into gray-scale AFM images, the intensity value of which ranged from 0 (black) to 255 (white). To remove the noise of the images, spatial averaging was then performed on a 3 Â 3 pixel neighborhood at each pixel of the images. After averaging, differential operation was performed by a command Bfind edges.F inally, to more clearly show the structures and minimize background noise in the differential AFM images, contrast of the images was enhanced, resulting in clarification of the edges of the imaged structures so that only the structures with distinct shapes were extracted. Every extracted structure in the calculated differential AFM images was subjected to subsequent analysis of its shape and size, resulting in prevention of experimenter bias.
Atomic force microscopic images are generated by raster scanning with a cantilever across a sample, i.e., left to right and top to bottom in a zigzag pattern. During this scanning, the topological data are continuously obtained in the transversal direction of the AFM image, whereas such data in the longitudinal direction are intermittent. Thus, the topological data in the transversal direction of the image are more reliable than those in the longitudinal direction. The transversal sizes of the observed structures were therefore adopted as their diameters. For analysis of the diameters of the observed structures, a simple geometric model, as shown in Figure 1 , was used because such sizes are prone to overestimation due to the radius of the curvature of the AFM tip (Lärmer et al. 1997) . When the observed structure was regarded as a sphere in the plasma membrane, the relationship between the diameter of the structure observed by the AFM (2D) and its actual diameter (2r) is given by
where R is the radius of the curvature of the AFM tip, which is 16 T 1 nm in the measurements, and H is the thickness of the plasma membrane.
RESULTS
Expression of prestin in prestin-transfected and FLAG-tagged prestin-transfected CHO cells
Evaluating the expression of prestin in the transfected CHO cells, the fluorescence of GFP, coexpressed with prestin in such cells, was observed. Figure 2 shows the GFP fluorescence of the prestin-transfected, FLAGtagged prestin-transfected, and untransfected CHO cells. GFP fluorescence was detected in the prestintransfected (top middle panel) and FLAG -tagged prestin-transfected CHO cells (center panel), indicating the expression of prestin in these cells. However, its intensity varied from cell to cell. By contrast, the GFP fluorescence was not observed in the untransfected CHO cells (bottom middle panel). Fluorescence images of prestin and lipid labeling, and low-magnification AFM images of isolated membranes of FLAG-tagged prestin-transfected CHO cells and those of untransfected CHO cells Figure 3 shows the fluorescence images of the prestin and lipid labeling and the corresponding low-magnification AFM images of the isolated membranes of the FLAG-tagged prestin-transfected CHO cell and those of the untransfected CHO cell. Prestin labeling (green), which labels FLAG peptide tagged at prestin, was observed in the isolated membrane of the FLAG-tagged prestin-transfected CHO cell (Fig. 3A , left panel); by contrast, it was not observed in the isolated membrane of the untransfected CHO cell (Fig. 3B, left panel) . These results indicate the presence of prestin in the isolated membranes of the FLAG-tagged prestin-transfected CHO cell even if the isolated membranes are sonicated and then incubated with the high salt buffer and trypsin. Lipid labeling (red) is shown in the second panel from the left in both Figure 3A and B. Lipids of both isolated membranes were labeled with CM-DiI. The distribution of CM-DiI in the plasma membrane of the FLAGtagged prestin-transfected CHO cell was seen as a pattern of bright patches rather than as a uniform pattern. Furthermore, the merged image of the isolated membrane of the FLAG-tagged prestin-transfected CHO cell (Fig. 3A , second panel from the right) revealed that these bright patches of the lipid labeling were colocalized with the prestin labeling, as shown by the yellow region. The magnified image of the boxed area in the merged image is shown at the right. A low-magnification AFM image was obtained from this boxed area (Fig. 3A, right panel) . In the AFM image, protruding globular structures, approximately 100 nm in diameter, were observed. These protruding globular structures corresponded to the colocalized bright patches in the merged image as shown by arrows. This result indicates that prestin is not uniformly distributed in the plasma membrane of the transfected CHO cells. Rather, a considerable amount of prestin is presumably distributed in some areas of the plasma membrane of such transfected CHO cells. 
High-magnification AFM images
Substrate and isolated plasma membranes of CHO cells. To obtain high-magnification AFM images of the CHO plasma membranes, plastic dishes were used as substrate when the AFM observation was carried out. To evaluate the validity of plastic dishes as substrate, the topography of the surface of such dishes was examined at high-magnification imaging. Figure 4A shows the AFM image of the surface of the plastic dish, and Figure 4B shows the section along the dotted line denoted in Figure 4A . Mean roughness of the surface of the plastic dish was less than 0.5 nm over the scan length of 1.0 mm. Figure 5A shows the AFM image of the edge of the isolated plasma membrane of the untransfected CHO cell after incubation with the high salt buffer and trypsin. Figure 5B indicates the cross section along the dotted line shown in Figure 5A . From the cross section, although a large structure exists at the edge of the membrane (arrow), the average thickness of the plasma membrane was estimated to be approximately 5 nm.
Effects of high salt buffer and trypsin on isolated plasma membranes of CHO cells. In this study, the plasma membranes of the cells were isolated on the substrate by sonication. Although it was essential for this study to obtain plasma membrane containing only prestin, cytoskeletal materials and peripheral proteins may remain on the cytoplasmic face of the plasma membrane by this preparation. To remove such materials, incubation with the high salt buffer was performed. To confirm the effects of such incubation on the isolated plasma membrane, AFM images of the plasma membranes of the untransfected CHO cells were obtained after the incubation. Figure 6A represents the AFM image of the isolated plasma membrane after incubation with the high salt buffer. Large structures approximately 100 nm in diameter (arrows) were observed in this image. Because these large structures were thought to be residual cytoskeletal materials and/ or peripheral proteins, the membranes were then additionally incubated with 0.05% trypsin. As a result, such large structures were hardly seen as shown in Figure 6B . membrane proteins. Figure 7 represents their original flattened AFM images and the calculated differential AFM images. As indicated by arrows, particle-like structures were recognized in the plasma membranes of both cells; however, no distinctive difference in such particle-like structures was found between the prestintransfected CHO cells and the untransfected CHO cells. Analysis of the shape and size of the observed structures was then performed in five AFM images of the prestin-transfected CHO cells and five such images of the untransfected CHO cells. The existence of particle-like structures was detected by local peaks in the original flattened AFM images ( Fig. 7A1 and B1) , and the size of these structures was determined from the differential AFM images (Fig. 7A2 and B2 ). In this study, when the size of the particle-like structures was over 100 nm, they were neglected because the size of the membrane proteins is on the order of tens of nanometers. When the shape index, i.e., the ratio of the minor axis length to the major axis length, was 0.5-1.0, the structure was regarded as being a particle-like structure. Arrowheads indicate structures that did not meet such criteria. In addition, a simple geometric model (Fig. 1) was used for the analysis of the transversal size of the observed structures because they are prone to overestimation due to the radius of the curvature of the AFM tip; thus, such sizes were compensated by Eq. (1). The radius of the curvature of the AFM tip R was 16 T 1 nm. Assuming that the radius of the curvature of the cantilever tip changed by 1.0 nm, the change in the diameter of the particle-like structure is 1.0 nm based on the geometric model proposed in the present study. Such changes in the diameter are less than the resolution of the AFM in this experiment. Therefore, the effect of the dispersion of the radius of the curvature is negligibly small. Thus, in the present study, the radius of the curvature of the AFM tip R was assumed to be 16 nm. Regarding the thickness of the plasma membrane, it is known that expression of membrane proteins affects the thickness of the plasma membrane, which is on the order of angstroms (Mitra et al. 2004) . Assuming that the thickness of the plasma membrane increased by 1.0 nm because of the expression of prestin, the increase in the diameter of the particle-like structure is 1.0 nm based on the proposed geometric model. Such increase is less than the resolution of the AFM used in this experiment. Therefore, in the present study, because the effect of membrane proteins on the thickness of the plasma membrane is negligibly small, the thickness of the plasma membrane H was determined to be 5 nm (data from Fig. 5 ). The frequency distribution of the observed particle-like structures, i.e., the density of the particle-like structures plotted against the interval of 2-nm classes in the diameter, is shown in Figure 8 . The diameters of the particlelike structures of the prestin-transfected CHO cells ranged from 6 to 40 nm, and those of the untransfected CHO cells ranged from 6 to 30 nm. When the sizes of the particle-like structures in the plasma membranes were 8-10 and 10-12 nm, the differences of their densities between the prestin-transfected CHO cells and the untransfected CHO cells were statistically significant for P G 0.05 using the MannWhitney test, as indicated by the asterisks.
DISCUSSION
Membrane preparation process
In this study, to obtain isolated plasma membranes, the cells were sheared open by sonication, and the cytoplasmic surfaces were exposed. However, cytoskeletal materials and peripheral proteins may remain on the cytoplasmic surface with such treatment (Shurety et al. 1998; Avery et al. 2000; Wetzel et al. 2003) . Such residue is thought to obstruct observation of the membrane proteins. To remove these materials, incubation of isolated plasma membranes with the high salt buffer was performed because such incubation leads to the disruption of the ionic and hydrogen bonds of the proteins (Ziegler et al. 1998) , which contribute to their three-dimensional structure such as the a helix, b sheet, etc. Thus, cytoskeletal materials and peripheral proteins could be removed by incubation with the high salt buffer. In this study, however, when the isolated membrane was observed by AFM after incubation with the high salt buffer, large structures were seen (Fig. 6A ). Because these large structures were thought to be the remains of the cytoskeletal material and/or the peripheral proteins, the membranes were additionally incubated with trypsin, as a kind of protease, and then observed by AFM. As a result, the large structures were hardly seen (Fig. 6B) , suggesting that the incubation with trypsin seems to be effective in removing the residual cytoskeletal materials and/or membrane proteins.
However, the effect of trypsin on prestin must be taken into account. Kalinec et al. (1992) reported that the cytoplasmic structure was disrupted by the injection of trypsin into the OHC; however, the electromotility of the OHC, indicating the activity of prestin, was not diminished. Moreover, it has recently been reported that the voltage-dependent nonlinear capacitance, which is thought to indicate the motor activity of prestin, was measured from prestin-transfected human embryonic kidney cells despite trypsin being injected into the cells (Dong and Iwasa 2004) . These reports suggest that the structure of prestin is not degraded and deformed by trypsin. Indeed, the presence of prestin in the isolated plasma membranes of the FLAG-tagged prestin-transfected CHO cells was confirmed by an indirect immunofluorescence experiment after isolated membranes were sonicated and incubated with the high salt buffer and 0.05% trypsin, as shown in the left panel of Figure 3A . These results are thought to be much the same for the prestin-transfected CHO cells.
Imaging of membrane protein prestin
In attempting to visualize prestin by AFM, the expression level of prestin in the prestin-transfected CHO cells should be taken into account. Iida et al. (2004) reported that there is a positive correlation between the intensity of the GFP fluorescence and the expression level of prestin in the prestin-transfected CHO cells. GFP fluorescence was therefore first examined as an index of the expression level of prestin before the AFM observation (Fig. 2, top middle panel) , and the cells with the high intensity of the GFP fluorescence were then observed by AFM.
As shown by the arrows in the right panel of Figure 3A , the low-magnification images demonstrated that protruding globular structures approximately 100 nm in diameter were distributed over the plasma membranes of the FLAG-tagged prestin-transfected CHO cells and the untransfected CHO cells. Such protruding structures can possibly greatly hinder efforts to obtain AFM images at high magnification because the rapid change in the topography results in reduction of the image resolution near its peripheral areas. The images were therefore obtained in the membrane areas without the protruding structures; that is, when such 100-nm protruding structures were recognized during imaging, the scanning position was adjusted to different nearby areas.
The topography of the surface of the substrate should also be considered because the AFM image shows not only the topography of the surface of the membrane but also that of the substrate, especially in the case of high-magnification imaging. In this study, plastic dishes were used as the substrate for high-magnification imaging. As shown in Figure 4 , the mean roughness of the surface of the plastic dish was less than 0.5 nm over the scan length of 1.0 mm. Because the size of the membrane proteins is thought to be several tens of nanometers, the effect of the surface of the plastic dishes on the AFM image of the membrane is negligible. The plastic dish was therefore usable as the substrate.
To evaluate the validity of the method of obtaining the plasma membrane, section analysis of the prepared samples was carried out. This analysis of the samples elucidated that the isolated plasma membranes left on the substrate were approximately 5 nm thick, being consistent with their generally accepted thickness, i.e., 3-10 nm, whereas some large heterogeneous structures remained at the edge of the isolated membrane (Fig. 5) . These heterogeneous structures that accumulated at the edge of the isolated membrane were associated with the brightly stained part along the edge of the plasma membrane with CM-DiI (Fig. 3A and B, second panels from the left), indicating the place where the plasma mem- Arrows indicate particle-like structures recognized in the plasma membranes of the prestin-transfected CHO cells and the untransfected CHO cells, whereas arrowheads indicate structures that did not meet the criteria for particle-like structures. However, no distinctive difference in such particle-like structures was found between these cells. branes are abundantly aggregated (Thomas et al. 1994) . Such aggregation of the plasma membranes at their edge is presumably caused by the application of sonication.
Particle-like structures in high-magnification AFM images of the prestin-transfected CHO cells and those of the untransfected CHO cells In this study, particle-like structures were recognized both in the AFM images of the isolated plasma membranes of the prestin-transfected CHO cells and in those of the untransfected CHO cells (Fig. 7) . It has been reported that randomly distributed intramembrane particles, 10 nm in size, were seen in the electron microscopic image of the plasma membrane P-fracture face from CHO cells (Yang et al. 1996; Van Hoek et al. 1998) . Particles have also been observed in the AFM images of the isolated cytoplasmic plasma membranes of many kinds of cells (Ziegler et al. 1998; Ehrenhö fer et al. 1997; Le Grimellec et al. 1995; Schillers et al. 2001) . These particles are believed to be membrane proteins. The particle-like structures in the plasma membranes of the prestin-transfected CHO cells and the untransfected CHO cells observed in this study were therefore considered to be such membrane proteins.
However, because there are many kinds of membrane proteins in the plasma membrane of the CHO cells, it is impossible to clarify whether the observed structures are prestin or not. Analysis of the shape and size of the observed structures was therefore performed for both AFM images of the prestin-transfected CHO cells and those of the untransfected CHO cells. As a result, the densities of the particle-like structures in the plasma membrane were found to differ between the prestintransfected CHO cells and the untransfected CHO cells; that is, statistical analysis indicated a significant difference in the density of the particle-like structures with diameters of 8-10 and 10-12 nm between the prestintransfected CHO cells and the untransfected CHO cells for P G 0.05 using the Mann-Whitney test, as shown by the asterisks in Figure 8 . Because the difference between the prestin-transfected and untransfected CHO cells is caused by the existence of prestin, the difference of the densities of the particle-like structures between the prestin-transfected CHO cells and the untransfected CHO cells is considered to be caused by the presence or absence of prestin. Based on Figure 8 , therefore, the density of prestin in the prestin-transfected CHO cells was estimated to be 18 T 9 proteins/mm 2 (n = 5) after subtracting the value of the density of the particlelike structures in the untransfected CHO cells from those in the prestin-transfected CHO cells in the 8-to 12-nm class. This value corresponds to approximately 75% of the total density of the particle-like structures in the prestin-transfected CHO cell membrane. These results suggest that the majority of these particle-like structures with a diameter of 8-12 nm in the prestintransfected CHO plasma membrane are possibly prestin.
Previous morphological studies of OHCs using EM and AFM revealed the lateral membrane of OHCs to be densely covered with particles approximately 10 nm in diameter (Arima et al. 1991; Forge 1991; Kalinec et al. 1992 : Souter et al. 1995 Le Grimellec et al. 2002) , these particles being believed to be motor protein. Two membrane proteins, i.e., a fructose transporter, GLUT-5 (Géléoc et al. 1999) , and an anion/ sulfate transporter, prestin (Zheng et al. 2000) , were proposed to be this motor. Although recent studies have ascertained that the motor protein is prestin, not GLUT-5 (Belyantseva et al. 2000; Oliver et al. 2001; Liberman et al. 2002) , constituents of the 10-nm particles observed in the OHC lateral membrane have remained unclear; in other words, it is unknown whether these 10-nm particles are indeed exclusively constituted of prestin molecules or rather a complex of GLUT-5 and prestin molecules. In the present study, we found particle-like structures with a diameter of 8-12 nm in the prestin-transfected CHO plasma membrane. As CHO cells do not express GLUT-5 (Inukai et al. 1995) , the 8-to 12-nm particle-like structures observed in this study are constituted only of prestin. These diameters are identical to those of the Frequency distribution of the observed particle-like structures in the plasma membrane. The density of the particle-like structures is plotted against the interval in 2-nm classes. Data were obtained from five AFM images of the prestin-transfected CHO cells and five such images of the untransfected CHO cells. When the sizes of the particle-like structures were 8-10 and 10-12 nm, differences of their densities between the prestin-transfected CHO cells and the untransfected CHO cells were statistically significant for P G 0.05 using the Mann-Whitney test, as shown by the asterisks. Error bars represent standard deviations.
high-density particles (õ10 nm) observed in the lateral membrane of the OHC by EM/AFM. These results imply that the densely packed 10-nm particles in the lateral membrane of OHCs are exclusively composed of prestin molecules, as is the case of the particle-like structures of the prestin-transfected CHO cells.
In addition, in the present study, we imaged the surface topology of the cytoplasmic face of the plasma membrane of the prestin-transfected CHO cells. Because the exact tertiary structure of prestin has not yet been clarified, it is difficult to specify which structure of prestin on the cytoplasmic face was imaged. However, discussion of this issue is thought to provide some useful information on a possible prestin structure. On the cytoplasmic face of the plasma membrane of the prestin-transfected CHO cells, two large fragments protrude, i.e., N-(about 100 amino acids) and C-termini (about 250 amino acids; Zheng et al. 2001) . Among these termini, the STAS (after sulfate transporter and antisigma factor antagonist) domain (amino acids 525-713), located at the C-terminus of prestin (Dallos and Fakler 2002) , possibly occupies a large conformational space of the cytoplasmic region of prestin because its estimated size based on its molecular weight (about 21 kDa) is approximately 4 nm in diameter if its shape is assumed to be cubical (Edstrom et al. 1990 ). The imaged particle-like structures are therefore thought to predominantly reflect the shape of the STAS domain rather than that of whole molecule of prestin. Assuming that prestin comprises a homo-oligomeric complex in the plasma membrane, these structural presumptions and our experimental data indicate that prestin may possibly form such an oligomer with about two to five prestin monomers based on a geometrical relationship.
Difference between the estimated density of prestin in the prestin-transfected CHO cells by AFM and that by electrophysiological measurement According to this study, the density of prestin in the prestin-transfected CHO cells was obtained to be 18 T 9 proteins/mm 2 (n = 5) as mentioned above. However, the estimated density of prestin in the prestintransfected CHO cells was 246 T 125 proteins/mm 2 (n = 20) by electrophysiological measurement (Iida et al. 2005) . The difference between the density obtained by the AFM and that estimated by electrophysiological measurement may be caused by the fact that the membrane proteins observed by the AFM tend to be undercounted because these proteins comprise complexes (Ehrenhö fer et al. 1997; Schillers et al. 2001) and/or are close to each other. Another possible reason is that membrane proteins approximately 10 nm in size, including prestin, were rarely distributed in the areas that were scanned at a high magnification by AFM in this study, i.e., the areas without 100-nm protruding globular structures. Thomas et al. (1994) reported that there is correspondence between the lipid labeling with the lipophilic membrane probes, such as CM-DiI and octadecyl rhodamine B, and the membrane part with the abundant membrane proteins. This coaggregation of lipid probes that accompanies the aggregation of membrane proteins reflects a change in plasma membrane structure, where the assembly and/or disassembly of the vesicles might be occurred. Interestingly, as shown in Figure 3A , the globular structures with a diameter of approximately 100 nm observed by AFM also corresponded to the colocalized bright patches of the prestin and lipid labeling as shown by arrows. These results suggest that these protrusive 100-nm patches possibly correspond to vesicles in progress such as the clathrincoated pits (Van Hoek et al. 1998; Le Grimellec et al. 1995) , leading to the aggregation of prestin and other membrane proteins in such pits. Thus, in this study, the density of prestin was presumed to be underestimated.
CONCLUSIONS
Membranes of prestin-transfected and untransfected CHO cells, which do not express GLUT-5, were observed by AFM. More particle-like structures with a diameter of 8-12 nm exist in the plasma membrane of the prestin-transfected CHO cells than in that of the untransfected CHO cells. Approximately 75% of such particle-like structures with a diameter of 8-12 nm are possibly formed only by prestin molecules, suggesting that the densely packed 10-nm particles in the lateral membrane of OHCs are exclusively constituted of prestin.
